The single-lap joint of fiber-reinforced composites is a common structure in the field of structure repair, which has excellent mechanical properties. To study and monitor its quasi-static response behavior under external load, two methodologies called effective structural mechanical impedance (ESMI) and reduced-ESMI (R-ESMI) are presented in this article. A two-dimensional electromechanical impedance (EMI) model for a surface-bonded square piezoelectric transducer (PZT) is adopted to extract more sensitive signatures from the measured raw signatures. There are two major advantages of the monitoring scheme based on ESMI and R-ESMI signatures: (1) excellent monitoring results with less signatures to process, (2) the ability to monitor the quasi-static behavior of a single-lap joint with previously ignored susceptance signatures. Combining the extracted ESMI signatures with the index of root-mean-square deviation, the quasi-static behavior of single-lap joints can be effectively quantified. To test the effectiveness of ESMI methodology, verifying experiments were conducted. The experimental results convincingly demonstrated that the presented ESMI and R-ESMI methodologies have good feasibility in monitoring the quasi-static behavior of a fiber-reinforced composite single-lap joint. The proposed method has potential application in the field of structural health monitoring (SHM).
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where the meaning of variables is listed in the nomenclature section.
The expression of T can be defined in two different cases [30] , as shown in Equation (2) .
for sin gle − peak behavior 1 2 tan(Aκl) Aκl + tan(Bκl) Bκl for twin − peak behavior .
According to the Bhalla's investigation [30] , the expression of pure mechanical impedance of PZT is shown in Equation (3).
In order to make the expression more intuitive, a simplified form of the admittance coupling equation is deduced on the basis of Equation (1) , which endows the equation with a more lucid physical meaning. The modified admittance coupling equation can be rewritten as another expression that is made up of two components. 
where C = ε T 33 (2l) 2 /h, and k 2 p = 2d 2 31 Y E 11 /ε T 33 (1 − ν). The meaning of each symbol is listed in nomenclature section in detail.
From Equation (4), it can be clearly seen that the first part of coupled electromechanical admittance (component I) is only dependent upon the parameters of PZT, while the second part of admittance (component II) is partly related to the structural mechanical impedance. Thus, component II can be used for evaluating the damage occurrence and propagation in the structures. Hence, component I and component II can be separately defined as a "non-damage-sensitive item" (Y nons ) and a "damage-sensitive item" (Y sens ), and Equation (4) can be concisely written as
The expression of Y nons is given in Equation (6) .
where
According to Equation (5), Y sens can be given by
Hence, the expressions of the real part and imaginary part can be easily obtained, as shown in Equation (9) .
According to Equations (4) and (5) , the expression of Y sens is given by
Z a,e f f Z a,e f f + Z s,e f f T.
Assuming T = α + jβ and then substituting the expressions of C and k 2 p into Equation (10), Equation (11) can be obtained.
Z a,e f f Z a,e f f + Z s,e f f · (α + jβ).
By rearranging the items in Equation (11), a new formula can be written as
Furthermore, defining Z s,e f f = x str + j · y str and Z a,e f f = x a + jy a , solving Equation (12) yields
Equation (14) is simpler in the form of expression than that derived by Bhalla [30] . With the use of Equations (13) and (14), the required signatures can be extracted from the raw signatures. It must be mentioned that, according to the derivation of Equations (12)- (14) , the self-impedance of the square PZT sensor is subtracted to acquire the x str and y str signatures, which results in too many negative ESMI signatures. To solve this problem and ensure more signatures are positive in the coordinate system, as well as making the scale of vertical coordinates identical, another two variables x s and y s are defined, and they are opposite in number to x str and y str , as shown in Equation (15) .
x s −x str /10 4 y s −y str /10 4 .
In order to monitor the quasi-static response behavior of a single-lap joint, a very effective and commonly used statistical index RMSD is introduced. The novel statistical index of RMSD used in this paper is given by Equation (16) . where the symbol N denotes the number of data points, t is the counter, D t represents the t th data point acquired in damage state, and B t is the t th data point acquired in the healthy state. With the use of the above-deduced equations, the EMSI signatures can be obtained. However, based on the EMSI, a further modified method, R-EMSI, can be obtained. R-EMSI includes two similar ways of signal processing. Firstly, R-EMSI considers the signatures at peaks, and then these signatures are adopted for calculating the values of RMSD. Secondly, R-EMSI only considers the signatures at the main peak (the first peak), and then the signatures at the main peak are used for calculating the same damage indicator. The methodology of EMSI is able to reduce the scale of signature processing while the R-EMSI reduces the data scale further. Both methods of EMSI and R-EMSI are investigated in detail in the later sections.
Experimental Set-Up
In order to study the effectiveness of the methodology presented above, a verifying experiment was conducted.
Referring to ASTM D5868, a specimen of a composite single-lap joint was fabricated using a T300 woven prepreg with vacuum bag molding (VBM) [48] . Then, a square PZT sensor was mounted on the surface of the joint area with high-strength epoxy resin and wired to acquire the raw signatures. Although better monitoring results can be obtained with the PZT sensor network in terms of many investigations, it should be mentioned that the size of the specimen is very small; thus, only a PZT sensor was mounted on the most concerned the joint area. The key parameters of the T300 woven prepreg and square PZT sensor are separately enumerated in Tables 1 and 2 . The prepared specimen is shown in Figure 1 , and it should be mentioned that the initial gauge length of the specimen was 150 mm. The displacement load was applied to the standard specimen using the tensile testing machine. In the meantime, an impedance analyzer (WK-6500B, Wayne Kerr Electronics, London, UK) was connected to the PZT to acquire the raw conductance and susceptance signatures in real time. The integrated testing system for single-lap joint quasi-static behavior monitoring is shown in Figure 2 . The displacement load was applied to the standard specimen using the tensile testing machine. In the meantime, an impedance analyzer (WK-6500B, Wayne Kerr Electronics, London, UK) was connected to the PZT to acquire the raw conductance and susceptance signatures in real time. The integrated testing system for single-lap joint quasi-static behavior monitoring is shown in Figure 2 . During the process of the experiment, 19 response states (from N-1 to N-19) were defined under the action of uniaxial tensile displacement, and their pertinent raw signatures were obtained through the impedance analyzer. The signatures acquired in the initial state of N-1 were selected as the baseline. N-19 represented the state at the moment of single-lap joint separation (fracture). The displacement increasing rate was 0.1 mm/min at each testing state, as listed in Table 3 . The frequency scope selected for the experiment was from 500 kHz to 2.5 MHz with a step of 1.25 kHz. The reason for selecting such a high frequency scope was that the joint region of the specimen was small and it had better sensitivity with higher frequency. During the process of the experiment, 19 response states (from N-1 to N-19) were defined under the action of uniaxial tensile displacement, and their pertinent raw signatures were obtained through the impedance analyzer. The signatures acquired in the initial state of N-1 were selected as the baseline. N-19 represented the state at the moment of single-lap joint separation (fracture). The displacement increasing rate was 0.1 mm/min at each testing state, as listed in Table 3 . The frequency scope selected for the experiment was from 500 kHz to 2.5 MHz with a step of 1.25 kHz. The reason for selecting such a high frequency scope was that the joint region of the specimen was small and it had better sensitivity with higher frequency. Based on the correlation between applied displacement and measured reaction force, the curve graph of "displacement vs. reaction force" could be plotted after amending the rigid body displacement, as shown in Figure 3 . Although the raw signatures of the 19 testing states were obtained in the process of the experiment, in order to investigate the correlation between the quasi-static response of the single-lap joint and tensile displacement more lucidly, we selected seven typical states with a uniform interval of every two points (states) and then renamed these selected states from ST-0 to ST-6. The selected states are marked with red color on the curve in Figure 3 . These selected and renamed states for subsequent comparison and discussion are enumerated in Table 4 .
Eventually, the raw signatures of the seven selected representative states were processed with the methodology presented in Section 2. The obtained ESMI signatures were then used for evaluating the quasi-static response behavior in the process of the tensile experiment. The experimental results related to the single-lap joint are discussed in detail in the next section. static response of the single-lap joint and tensile displacement more lucidly, we selected seven typical states with a uniform interval of every two points (states) and then renamed these selected states from ST-0 to ST-6. The selected states are marked with red color on the curve in Figure 3 . These selected and renamed states for subsequent comparison and discussion are enumerated in Table 4 . 
Results and Discussion

Quasi-Static Behavior of Single-Lap Joint Analysis
In light of Sections 2 and 3 of the paper, the raw signatures were processed with the ESMI methodology. Then, the curve graphs of Figures 4 and 5 were plotted to compare the sensitivity to quasi-static characteristics of the single-lap joint before and after signature extraction. In addition, in order to investigate the regularity of the quasi-static behavior of the single-lap joint with respect to the tensile load in a clearer way, only seven typical states were selected, as listed in Table 4 . Figure 4 shows the graph plotted based on the real part of the raw signatures and ESMI signatures of the seven selected typical states. From Figure 4a , it can be clearly seen that there was an increasing tendency of curves in all selected states, and no obvious peaks could be selected as the feature peak for characterizing the quasi-static response behavior under the action of external load. On the contrary, using the above-presented ESMI methodology for signal processing, a group of more effective signatures could be obtained, and five characteristic peaks appeared, which could then be used for investigating the serving condition of the single-lap joint, as shown in Figure 4b .
Moreover, from Figure 4b , it can be also found that the amplitude of the curve in each state changed gradually with the increase in tensile displacement, and there were slight shifts in peak frequency in each state. With the increase in tensile displacement, there were also gradual changes in signature amplitude, but the amplitude dropped sharply at the moment of joint separation, which was intuitively observed. Figure 5 shows the graph plotted based on the imaginary part of raw and ESMI signatures for the abovementioned seven selected typical states. From Figure 5a , it can be obviously seen that there was a rising tendency of curves in these selected representative states, and no obvious peaks could be used to act as characteristic peaks for investigating the quasi-static response behavior with respect to the tensile displacement. However, using the abovementioned ESMI methodology for signature extraction, a series of more sensitive signatures could be acquired, and several new characteristic peaks appeared, which could then be used for supplementing the information on the service condition monitoring of the single-lap joint, as shown in Figure 5b .
Moreover, in Figure 5b , it can also be observed that the amplitude of the curve in each state changed gradually with the increase in tensile displacement, and there were slight shifts in peak frequency in each state. At the beginning of the tensile experiment, the amplitude gradually increased with the displacement, and the amplitude dropped sharply when joint separation occurred, albeit not as obvious as that in the real part case. 
Characterization of Single-Lap Joint Condition with RMSD Index
Despite the curves in Figures 4 and 5 showing the correlation between tensile displacement and measured signatures, no intuitive enough regularity could be found. Hence, to solve this problem, the index of RMSD was adopted.
As mentioned above, the curves in Figure 4b and 5b show very obvious peaks (Peak-1 to Peak- Figure 4 shows the graph plotted based on the real part of the raw signatures and ESMI signatures of the seven selected typical states. From Figure 4a , it can be clearly seen that there was an increasing tendency of curves in all selected states, and no obvious peaks could be selected as the feature peak for characterizing the quasi-static response behavior under the action of external load. On the contrary, using the above-presented ESMI methodology for signal processing, a group of more effective signatures could be obtained, and five characteristic peaks appeared, which could then be used for investigating the serving condition of the single-lap joint, as shown in Figure 4b .
Moreover, in Figure 5b , it can also be observed that the amplitude of the curve in each state changed gradually with the increase in tensile displacement, and there were slight shifts in peak frequency in each state. At the beginning of the tensile experiment, the amplitude gradually increased with the displacement, and the amplitude dropped sharply when joint separation occurred, albeit not as obvious as that in the real part case.
As mentioned above, the curves in Figures 4b and 5b show very obvious peaks (Peak-1 to Peak-5); thus, a novel signature processing method was developed based on the extracted ESMI signatures, which involved calculating the RMSD index with the peak ESMI signatures of the selected typical states. The RMSD values were then calculated on the basis of these obtained peak values, as well as those based on raw signatures. These RMSD histograms are shown in Figures 6 and 7 . It should be pointed out that the magnitudes of histograms in the vertical coordinate were identical so as to scale the discrepancy between RMSD bars. Figure 6 shows the histograms plotted based on the real part of the raw and ESMI signatures of the single-lap joint. It can be clearly seen that the largest magnitude of RMSD occurred in the state of ST-6 among the selected testing states, both in Figure 6a ,b. Due to the real part having excellent sensitivity to structural deterioration, the pertinent raw signatures and extracted ESMI signatures showed good effectiveness when used for studying the variation characteristics of the single-lap joint. Therefore, the real part of both the ESMI signatures and raw signatures could be used for evaluating the health condition of the joint structure. Nevertheless, it should be pointed out that the difference between ST-6 and other states (ST-1 to ST-5) in Figure 6b was much larger than that in Figure 6a . Hence, the histogram of x s was capable of characterizing the correlation between displacement and the RMSD index in a more effective manner. Figure 7 shows the histograms plotted based on the imaginary part of the raw and ESMI signatures. It is easily noted that the largest RMSD bars in magnitude appeared in the state of ST-6, which denoted the moment of joint separation, both in Figure 7a ,b. According to the experimental investigation, we considered the imaginary part of the raw signatures to have better sensitivity to reaction force variation. In terms of Figure 3 , the reaction force initially increased with the tensile displacement, then decreased when the bearing capability of the structure worsened. This characteristic could also be indicated with the impedance (or admittance) index.
Upon processing using the ESMI methodology, a group of signatures more sensitive to structural variation than to reaction force variation could be extracted, as shown in Figure 7b . According to the states from ST-1 to ST-6, the changing law monotonically increased, and the difference between two bars was more distinct in Figure 7b . Hence, from the authors' viewpoint, the histogram of y s was also competent for effectively indicating the correlation between displacement and the RMSD index. 5); thus, a novel signature processing method was developed based on the extracted ESMI signatures, which involved calculating the RMSD index with the peak ESMI signatures of the selected typical states. The RMSD values were then calculated on the basis of these obtained peak values, as well as those based on raw signatures. These RMSD histograms are shown in Figure 6 and Figure 7 . It should be pointed out that the magnitudes of histograms in the vertical coordinate were identical so as to scale the discrepancy between RMSD bars. Figure 6 shows the histograms plotted based on the real part of the raw and ESMI signatures of the single-lap joint. It can be clearly seen that the largest magnitude of RMSD occurred in the state of ST-6 among the selected testing states, both in Figure 6a ,b. Due to the real part having excellent sensitivity to structural deterioration, the pertinent raw signatures and extracted ESMI signatures showed good effectiveness when used for studying the variation characteristics of the single-lap joint. Therefore, the real part of both the ESMI signatures and raw signatures could be used for evaluating the health condition of the joint structure. Nevertheless, it should be pointed out that the difference between ST-6 and other states (ST-1 to ST-5) in Figure 6b was much larger than that in Figure 6a . Hence, the histogram of xs was capable of characterizing the correlation between displacement and the RMSD index in a more effective manner. Figure 7 shows the histograms plotted based on the imaginary part of the raw and ESMI signatures. It is easily noted that the largest RMSD bars in magnitude appeared in the state of ST-6, which denoted the moment of joint separation, both in Figure 7a ,b. According to the experimental investigation, we considered the imaginary part of the raw signatures to have better sensitivity to reaction force variation. In terms of Figure 3 , the reaction force initially increased with the tensile displacement, then decreased when the bearing capability of the structure worsened. This characteristic could also be indicated with the impedance (or admittance) index.
Upon processing using the ESMI methodology, a group of signatures more sensitive to structural variation than to reaction force variation could be extracted, as shown in Figure 7b . According to the states from ST-1 to ST-6, the changing law monotonically increased, and the difference between two bars was more distinct in Figure 7b . Hence, from the authors' viewpoint, the histogram of ys was also competent for effectively indicating the correlation between displacement and the RMSD index. 
Data Processing Scale Reduction Method for Single-Lap Joint Monitoring
In the preceding section, for the purpose of comparing and analyzing the experiment results in a more concise and lucid manner, only some typical states were selected; however, as is well known, better investigation results can be obtained if more testing states are taken into consideration. However, more testing states bring in a mass of experimental data to deal with and this process is usually complicated; thus, a novel method called R-ESMI was developed to reduce the data processing scale.
R-ESMI is an improved methodology of ESMI, aimed at obtaining the peak values from the extracted ESMI signatures before using them to calculate the RMSD index to investigate the quasistatic characteristics of single-lap joints. The R-ESMI method includes two methods to reduce the processing scale of data: (1) calculating RMSD values based on all of the ESMI peak signatures (from Peak-1 to Peak-5), or (2) based on the main peak signatures only (Peak-1). The pertinent histograms were plotted and compared in terms of the above RMSD values of raw signatures, ESMI signatures, and R-ESMI signatures. 
R-ESMI is an improved methodology of ESMI, aimed at obtaining the peak values from the extracted ESMI signatures before using them to calculate the RMSD index to investigate the quasi-static characteristics of single-lap joints. The R-ESMI method includes two methods to reduce the processing scale of data: (1) calculating RMSD values based on all of the ESMI peak signatures (from Peak-1 to Peak-5), or (2) based on the main peak signatures only (Peak-1). The pertinent histograms were plotted and compared in terms of the above RMSD values of raw signatures, ESMI signatures, and R-ESMI signatures.
For the purpose of characterizing the quasi-static behavior of the single-lap joint in a more effective way, the RMSD values from N-1 to N-19 (all testing states) were calculated, and their pertinent histograms were plotted. These obtained RMSD values were separately based on the real parts of raw signatures, ESMI signatures, and R-ESMI signatures (ESMI signatures at peaks from Peak-1 to Peak-5 and signatures at Peak-1 only). The corresponding histograms were then comparatively plotted, as shown in Figure 8 . From Figure 8a -d, it can be easily noted that there were differences in bar height among testing states in the four figures. In order to quantify this difference in a more intuitive way, specific values (SV) of every two adjacent RMSD bars in different testing states were separately calculated using Equation (17) . The histogram of these specific values was then plotted, as shown in Figure 9 .
where k is the sequence number of the bar in the RMSD histogram. From Figure 8a -d, it can be easily noted that there were differences in bar height among testing states in the four figures. In order to quantify this difference in a more intuitive way, specific values (SV) of every two adjacent RMSD bars in different testing states were separately calculated using Equation (17) . The histogram of these specific values was then plotted, as shown in Figure 9 .
where k is the sequence number of the bar in the RMSD histogram. Figure 9 shows a very obvious difference among the four types of RMSD bars, as annotated in the figure. It indicates that the calculated RMSD values based on the Peak-1 signatures showed the best effectiveness when used for characterizing the quasi-static behavior of the single-lap joint, followed by the RMSD calculated on the basis of ESMI signatures of all peaks.
(SV) of every two adjacent RMSD bars in different testing states were separately calculated using Equation (17) . The histogram of these specific values was then plotted, as shown in Figure 9 .
where k is the sequence number of the bar in the RMSD histogram. Apart from characterizing the regular pattern of the single-lap joint with the real parts of signatures, the imaginary ones are also needed to provide additional information to study this issue comprehensively. Hence, the RMSD values based on the imaginary parts of signatures were also calculated, and the pertinent RMSD histogram is illustrated in Figure 10 .
As shown in Figure 10a , it can be deduced that the deviation of N-2 to N-10 from baseline became larger and the impedance (or admittance) increased, which indicates that the single-lap joint was capable of bearing a larger reaction force at these moments. Subsequently, when the joint was stretched to a certain extent, 1.0 mm in the experiment, the load bearing capacity of the joint began to deteriorate. The impedance (or admittance) variation of the joint structure in amplitude decreased and, when the tensile displacement was 1.5 mm, the impedance (or admittance) of the joint structure lowered to the baseline state (N-1). Subsequently, the impedance (or admittance) continued lowering. Then, the deviation of impedance (or admittance) between the current state and baseline state went downward, which led to the RMSD index becoming larger again.
In order to reduce the data processing scale, the effectiveness of the ESMI and R-ESMI methodologies was compared. The RMSD graphs on the basis of ESMI and R-ESMI signatures are shown in Figure 10b -d. In Figure 10b , the variation tendency of RMSD bars was similar to that in Figure 8b , which indicates that the sensitivity of RMSD-y s to reaction force declined and became more sensitive to the tensile displacement variation, which can be deduced through carefully comparing Figure 10b with Figure 8a ,b. However, from the authors' perspective, there are still too many ESMI signatures to be processed. Hence, R-ESMI was subsequently developed to solve this problem further.
As described above, the R-ESMI methodology includes two ways to calculate the RMSD index, based on all peak signatures (signatures at the peak from Peak-1 to Peak-5) or the main peak (Peak-1) signatures only. The histograms are shown in Figure 10c ,d.
In Figure 10c , the difference among the bars in height became larger than that in Figure 10a ,b. Furthermore, the calculated RMSD values on the basis of the main peak (Peak-1) signatures were also plotted, as shown in Figure 10d . Some bar heights were too small to be displayed compared with the bar representing the state of joint separation. Moreover, by comparing the four subfigures in Figure 10 , a conclusion can be drawn that the largest difference among bars was in Figure 10d , which proves that the method of R-ESMI with signatures at Peak-1 only had the best effectiveness in reducing the data processing scale.
For the purposing of evaluating this discrepancy among bars more directly, the specific values between every two RMSD bars in Figure 10 were also calculated using Equation (17) . Then, the corresponding histogram was plotted, as shown in Figure 11 . In this figure, the difference between the two adjacent RMSD bars could be quantified, supporting the aforementioned conclusion of the R-ESMI (Peak-1 signatures only) having the best monitoring effectiveness with the least signal processing scale. Furthermore, another obtained inference was that the imaginary parts of signatures can be also adopted to evaluate the structural health condition if an appropriate signal processing method is applied. Figure 9 shows a very obvious difference among the four types of RMSD bars, as annotated in the figure. It indicates that the calculated RMSD values based on the Peak-1 signatures showed the best effectiveness when used for characterizing the quasi-static behavior of the single-lap joint, followed by the RMSD calculated on the basis of ESMI signatures of all peaks.
Apart from characterizing the regular pattern of the single-lap joint with the real parts of signatures, the imaginary ones are also needed to provide additional information to study this issue comprehensively. Hence, the RMSD values based on the imaginary parts of signatures were also calculated, and the pertinent RMSD histogram is illustrated in Figure 10 . As shown in Figure 10a , it can be deduced that the deviation of N-2 to N-10 from baseline became larger and the impedance (or admittance) increased, which indicates that the single-lap joint was capable of bearing a larger reaction force at these moments. Subsequently, when the joint was stretched to a certain extent, 1.0 mm in the experiment, the load bearing capacity of the joint began to deteriorate. The impedance (or admittance) variation of the joint structure in amplitude decreased and, when the tensile displacement was 1.5 mm, the impedance (or admittance) of the joint structure lowered to the baseline state (N-1). Subsequently, the impedance (or admittance) continued lowering. Then, the deviation of impedance (or admittance) between the current state and baseline state went downward, which led to the RMSD index becoming larger again.
In order to reduce the data processing scale, the effectiveness of the ESMI and R-ESMI methodologies was compared. The RMSD graphs on the basis of ESMI and R-ESMI signatures are shown in Figure 10b -d. In Figure 10b , the variation tendency of RMSD bars was similar to that in Figure 8b , which indicates that the sensitivity of RMSD-ys to reaction force declined and became more sensitive to the tensile displacement variation, which can be deduced through carefully comparing Figure 10b with Figure 8a ,b. However, from the authors' perspective, there are still too many ESMI signatures to be processed. Hence, R-ESMI was subsequently developed to solve this problem further.
In Figure 10c , the difference among the bars in height became larger than that in Figure 10a ,b. Furthermore, the calculated RMSD values on the basis of the main peak (Peak-1) signatures were also plotted, as shown in Figure 10d . Some bar heights were too small to be displayed compared with the bar representing the state of joint separation. Moreover, by comparing the four subfigures in Figure  10 , a conclusion can be drawn that the largest difference among bars was in Figure 10d , which proves that the method of R-ESMI with signatures at Peak-1 only had the best effectiveness in reducing the data processing scale.
For the purposing of evaluating this discrepancy among bars more directly, the specific values between every two RMSD bars in Figure 10 were also calculated using Equation (17) . Then, the corresponding histogram was plotted, as shown in Figure 11 . In this figure, the difference between the two adjacent RMSD bars could be quantified, supporting the aforementioned conclusion of the R-ESMI (Peak-1 signatures only) having the best monitoring effectiveness with the least signal processing scale. Furthermore, another obtained inference was that the imaginary parts of signatures can be also adopted to evaluate the structural health condition if an appropriate signal processing method is applied. 
Conclusions
In this paper, ESMI and R-ESMI methodologies for single-lap joint quasi-static behavior monitoring were presented, aimed at studying the quasi-static response of this joint structure in a 
In this paper, ESMI and R-ESMI methodologies for single-lap joint quasi-static behavior monitoring were presented, aimed at studying the quasi-static response of this joint structure in a more accurate but simpler way. The two methodologies, ESMI and R-ESMI, were developed from a modified two-dimensional EMI model for square PZT sensors.
The intuitive characterization of the joint's health condition was performed via the variation in RMSD index, whose values were calculated on the basis of raw signatures, ESMI signatures, and R-ESMI signatures. Additionally, the specific value (SV) was also calculated to quantify the difference between two adjacent RMSD bars in magnitude, which also contributed to demonstrating the effectiveness of the methodologies. Using the methodology presented in this article, obvious peaks were successfully extracted from the raw signatures with the use of ESMI methodology, which proves its potential application in structural health monitoring of fiber-reinforced composite structures. Then, the quasi-static response behavior of the single-lap joint could be characterized intuitively and effectively via combining the ESMI and R-ESMI signatures with the RMSD index. By adopting the methodology developed in this paper, the conventionally ignored susceptance signatures can be also used for evaluating the health condition of a single-lap joint of fiber-reinforced composites if processed with ESMI and R-ESMI methodologies.
The characterization of quasi-static behavior using the electromechanical impedance method is difficult, and more work is needed to study this issue further in our future work. The strain rate needs to be increased to simulate the obvious variation of external loads in a short time. The initial damage inside the composite-lap joint should be analyzed. The smallest damages that can be monitored in quasi-static or dynamic processes should be studied. The impacts of is the environment also need investigating.
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